eclamptic rats compared to control non-pregnant and normal pregnant groups starting at 20 min after the FITC-albumin infusion. Conclusion: We propose that MBG is involved in the production of a 'vascular leak' in our rat model of preeclampsia.
patient has been suspected of demonstrating an increased vascular permeability or 'capillary leak' syndrome [4, 5] .
A rat model which has many of the phenotypic characteristics of human preeclampsia has been developed in this laboratory [6] . It consists of the expansion of the ECF volume in pregnant rats with the administration of desoxycorticosterone acetate (DOCA) and the replacement of their drinking water with 0.9% saline. The rats develop hypertension, proteinuria and intrauterine growth restriction. The hematocrits of these animals, as is the case in humans, are elevated compared to those of normal pregnant rats [6] . Furthermore, their excretion of the bufodienolide, marinobufagenin (MBG), a cardiac glycoside, is increased. Additionally, this increased MBG excretion occurs prior to the animals becoming hypertensive or proteinuric [7] . Circulating levels of MBG have been reported to be increased in patients with volume expansion-mediated hypertension and preeclampsia [8, 9] .
We have demonstrated that MBG impairs both the proliferation and growth factor-induced migration of first trimester human extravillous cytotrophoblast (CTB) cells, which are important for normal placental development [10, 11] . We determined that the MBG-induced impairment of CTB cell function is accompanied by the modulation of mitogen-activated protein kinase and also by the stimulation of apoptosis [12] . Additionally, in a preliminary report, we have recently demonstrated that MBG triggers enhanced monolayer permeability in rat lung microvascular endothelial cells [13] .
There has been no previous evaluation of the possibility that there is an increased vascular leak in our rat model of preeclampsia. Furthermore, the possibility that MBG could be involved in the pathophysiology of this abnormal 'capillary leak' has not been evaluated. Accordingly, the studies presented in this report were performed for the following purposes: (1) to determine if MBG causes increased vascular leakage; (2) to determine if increased vascular leakage exists in our rat model of preeclampsia, and, if so, (3) to investigate the signaling mechanisms by which this occurs.
Materials and Methods

Animals
The surgical procedures and experimental protocol were conducted at Texas A&M University Health Science Center/Scott and White Hospital after approval by the Institutional Animal Care and Use Committee. The facility is approved by the American Association for Accreditation of Laboratory Animal Care in accordance with National Institutes of Health guidelines.
Animal Preparation
Male (275-325 g) and female (200-250 g) Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, Mass., USA). These animals were housed in the institutional animal facility and allowed free access to standard rat chow (Lab Diet 5001 Laboratory Rodent Diet) and tap water. They were maintained on a 12: 12 h dark/light cycle. The room temperature and humidity were maintained at 25 8 2 ° C and 55%, respectively. Two groups of animals were utilized for studies of vascular leakage following MBG injection. The sham rats (male, n = 5) were injected with DMSO and the MBG rats (male n = 5 and female n = 2, total n = 7) were injected with a bolus of 200 n M MBG (kind gift of Dr. G.R. Pettit, Arizona State University, USA). All injections were made into the jugular vein.
Three groups of female animals were utilized for studies of vascular leakage in our rat model. These were: group 1: control (C), non-pregnant animals (n = 5); group 2: normal pregnant (NP) animals (n = 9), and group 3: pregnant DOCA + saline (PDS) animals (rat model of preeclampsia; n = 9) [4] . Systolic blood pressure was measured by the tail-cuff method (IITC Inc., LifeScience Instruments, Model 59). At 18-19 days of pregnancy (or at a similar time period in the control rats), 24-hour urine was collected in the absence of food (this was done to eliminate contamination of the urinary protein determination by any fallen food particles). Each animal was housed separately in a metabolic cage. Blood was drawn from the carotid artery.
Animal Surgery and Intravital Microscopy
Prior to each experiment the rats were fasted for 18 h and given water ad libitum. The animals were anesthetized by a single intramuscular injection of 50% urethane (1.5 g/kg). Polyethylene tubing (PE-50, 0.58 mm ID) was placed in the right internal jugular vein to give fluid intravenously (normal saline) at 2 ml/h by continuous infusion pump (Harvard Apparatus, South Natick, Mass., USA) and in the right carotid artery for blood withdrawal. The mean arterial pressure was monitored continuously using a PE-50 cannula placed in the left femoral artery connected to a blood pressure analyzer (Dig-Med, BPA 400A, Micromed, Louisville, Ky., USA). A midline laparotomy incision was performed to expose a section of mesentery from the proximal ileum for exteriorization. The rats were placed in a lateral decubitus position on a temperature-controlled Plexiglas platform mounted to an intravital upright microscope (Nikon E600, Tokyo, Japan). The mesentery was superfused with normal saline at 2 ml/min and covered with plastic wrap to reduce evaporation. Venules with diameters of 20-35 m were selected for study with a Nikon 20 ! objective, 0.45-2.16 mm working distance (Nikon Instruments, Inc., Natick, Mass., USA). Images were obtained with a Photometric Cascade Camera (Roper Scientific, Tucson, Ariz., USA). A video time and date generator (WJ-810; Panasonic, Secaucus, N.J., USA) provided on screen time, date, and stopwatch functions. The images were projected onto a computer monitor (Trinitron 20-inch monitor; Sony, New York, N.Y.) and were captured digitally on computer disc. Fluorescein isothiocyanate-bovine albumin (FITC-albumin; Sigma, St. Louis, Mo., USA) was dissolved in saline and injected into the jugular vein at a dose of 50 mg/kg to measure permeability. Data were analyzed using MetaMorph 4.5/4.6 (Universal Imaging Corp., Downingtown, Pa., USA).
Urine and Blood Analyses
The 24-hour protein excretion was measured using the pyrogallol red method (Total Protein Kit, Micro Pyrogallol Red Method, Sigma). Creatinine was measured in the blood and urine on a Nova 16 Analyzer (Waltham, Mass., USA) and the creatinine clearance was calculated. Hematocrit was measured using a StatSpin MP Multipurpose Centrifuge (Norwood, Mass., USA).
Measurement of Vascular Leakage
The extravasation of FITC-albumin from the intravascular space was measured by determining the changes in integrated optical intensity by image analysis. The appearance of the labeled albumin (FITC) was employed to represent the relative change in vascular leakage. Areas in the small bowel mesentery, postcapillary venules, and the adjacent extravascular space, were selected for study. ⌬ I = 1 -(I i -I o )/I i , where ⌬ I is the change in light intensity; I i is the light intensity inside the vessel, and I o is the light intensity outside the vessel. Each experimental frame was digitized into a 512 ! 512 charged coupled device that yielded 16 bits of data/pixel. Gray scale values were measured in the postcapillary venules and in the extravascular space around the venules per unit area throughout the experiment and at selected times using the MetaMorph image analysis systems. The images were standardized to images taken at the beginning of each experiment within the same animal and at selected timed intervals between different animals. This method of standardization was selected to minimize the bias incurred with changes in room lighting and hematocrit concentrations. This method of measuring vascular leakage using image analysis was validated by Bekker et al. [14] .
Harvesting of Mesentery Tissues and Preparation of Tissue Homogenates
Mesenteric vessels were collected from C, NP and PDS rats after sacrificing the rats. Mesenteric vessels were dissected from the rat, weighed and homogenized in a cold buffer preparation (10 m M Tris-HCl pH = 7.5, 0.3 M sucrose, 10 M apoptinin, 10 M pepstatin, 10 M leupeptin, 1 m M PMSF). The tissue homogenates were centrifuged (10,000 g for 60 min at 4 ° C) and the supernatant (cytosol fraction) was collected and subjected to protein estimation using the pyrogallol red method (Total Protein Kit, Micro Pyrogallol Red Method, Sigma).
Caspase-8 and -3 Activities in the Mesentery Tissue Homogenates
Each experimental group consisted of 5 female rats. Caspase-8 and -3 activities were determined using caspase-8 and -3 assay kits (Calbiochem, La Jolla, Calif., USA). The tissue homogenate was treated with the substrate conjugate and incubated for 2 h at 37 ° C. The IETD substrate (caspase-8 assay) and DEVD substrate (caspase-3 assay) provided in the assay kits were already labeled with a fluorescent molecule, 7-amino-4-trifluoromethyl coumarin. The resulting fluorescence was measured in a fluorescent plate reader capable of measuring excitation at 400 nm and emission at 505 nm.
Statistical Analysis
Data are presented as mean 8 SEM. Statistical comparison for multiple determinations was performed using a one-way ANOVA analysis of variance with Tukey's post hoc t test. Caspase-8 and -3 activities were assessed by using Student's t test. A p value ! 0.05 was considered significant.
Results
Blood Pressure, Urine and Blood Analyses
Data for blood pressure measurements, the urinary excretion of protein, creatinine clearance, hematocrit levels and weight gain are presented in table 1 . Blood pressure (BP) in the control, non-pregnant animals (C) did not change over the course of the experiments (18-20 days). Mean BP in the normal pregnant (NP) animals was 109 8 5 mm Hg at baseline and 105 8 6 mm Hg at the end of the experiment (p 1 0.05). BP rose in the pregnant animals given saline + DOCA from 107 8 5 to 146 8 4 mm Hg (p ! 0.001; compared to NP; table 1 ). The PDS animals showed a statistically significant increase in protein excretion when compared with the NP group: NP: 2.6 8 0.8 mg/24 h; PDS: 5.2 8 0.6 mg/24 h; p ! 0.05. Both of the latter groups had a significantly higher protein excretion when compared with the non-pregnant animals: Values are mean 8 SD; n = number of rats. C = Control, nonpregnant animals; NP = normal pregnant animals; PDS = pregnant animals receiving DOCA and saline. 1 There was a statistically significant difference between baseline BP and final BP in PDS rats as well as a difference between final BP in PDS rats and final BP in both C and NP rats (p < 0.05).
2 NP group is different from both C and PDS, p < 0.05. 3 PDS group is different from both C and NP, p < 0.05. 4 Both NP and PDS groups are different from C, p < 0.05. Taken together, these data verify the observations made concerning the BP, protein excretion, creatinine clearance and hematocrit changes obtained in previous studies of this animal model of preeclampsia [6] . Thus, the PDS animals became hypertensive and demonstrated an increase in protein excretion which exceeded that seen in the other two groups of animals. As is the case in normal human pregnancy, the hematocrit values in our NP rats fell as compared to non-pregnant female rats (C). These data presumably reflect the physiological anemia resulting from a proportionally greater increase in plasma volume than in red cell mass [1] . Also, as is the case in preeclamptic patients, the hematocrit value in our PDS rats was higher than that for NP ( table 1 ). The weight gain in PDS compared to NP rats reflects the fact that volume expansion in PDS ('preeclamptic') rats exceeds that in the normal pregnant animals. Figure 2 shows images of a rat mesenteric postcapillary venule at 90 min for female control, normal pregnant, and PDS rats. There was negligible leakage of FITCalbumin into the extravascular space in the control female rat. The normal pregnant rat showed minimal leakage while the PDS rat demonstrated significant leakage indicating the extravasation of most of the FITC-albumin into the extravascular space. These qualitative observations of vascular leakage were verified by analyses of mean data and are presented in figure 3 . In this figure the data obtained for permeability from a postcapillary venule in the three groups of animals are presented. NP rats showed no extravasation of FITC-albumin into the extravascular space at 10 min, but there was a small but significant leakage observed at 80-90 min (p ! 0.05). FITC-albumin extravasation was significantly higher (p ! 0.05) in PDS rats beginning at 20 min when compared to C and NP rats and continued to increase throughout the study.
Vascular Leak in Preeclampsia
MBG Injection Induced Vascular Leakage
Increased Vascular Leakage Was Observed in PDS Rats Compared to Control and Normal Pregnant Animals
Apoptotic Signaling Was Activated in the Mesenteric Tissues of PDS Rats
The mesenteric vascular tissues include a mixture of arterioles and venules with a few associated mesenteric support structure cells. However, care was taken to delicately dissect the vascular structures from the surrounding tissue. Representative tissues of female control, NP and PDS rats were scanned for the pro-apoptotic factor BAK, release of cytochrome c, and caspase-8 and -3 activities. No differences were observed in BAK expression and cytochrome c release between these groups (data not shown). However, there was a marked elevation of both active caspase-8 and -3 observed in PDS rats when compared to control non-pregnant and normal pregnant rats (p ! 0.05; fig. 4 a, b) .
Discussion
The results indicate that in the rat model of preeclampsia induced by excessive volume expansion [6] an increase in vascular leak is demonstrable. Furthermore, we noted a much smaller but finite 'leak' in normal pregnant animals compared to their non-pregnant counterparts. Pregnancy is a state of volume expansion [1] . Volume expansion is the stimulus for the secretion of MBG [15, 16] . In our rat model of preeclampsia [6] , we noted an increase in the excretion of MBG prior to the development of hypertension and proteinuria [7] . These data suggest that this circulating bufadienolide may play a pathogenetic role. The data presented in this communication indicate that MBG may play a role in the vascular 'leak' noted in our experimental animals as well. Thus, persistent secretion of MBG resulting from sustained expansion in animals that are unable to rid themselves of the excess salt and water seems linked both to the development of the preeclamptic syndrome and to the establishment of increased vascular leakage. These observations may have relevance to the human preeclamptic syndrome in which elevated blood levels of MBG have been reported [8, 9] . Endothelial cell dysfunction has been shown to be a central event in the pathophysiology of preeclampsia [4, 5, 17] . We have recently demonstrated that MBG impairs both the proliferation-and growth-factor-induced migration of first trimester CTB cells, which are critical for placental development [11] . The molecular mechanism by which MBG produces its vasoactive effects is unknown. Recently, data have accumulated that suggest that MBG may have profound effects on the mitogen-activated protein kinase pathway and may stimulate apoptosis through the activation of caspases [12] . In the instance of hemorrhagic shock, for example, in which microvascular hyperpermeability has been described [18] , activation of the mitochondrial intrinsic pathway occurs. This is evidenced by an increase in the pro-apoptic Bcl-2 family member BAK, release of mitochondrial cytochrome c into the cytoplasm and activation of caspase-3 [18] . Whether MBG is involved in the microvascular hyperpermeability of hemorrhagic shock has not yet been evaluated. Neither has it been determined if MBG affects vascular permeability via Bcl-2. However, those studies are planned. Finally, whether MBG is involved in other situations in which 'vascular leak' is a prominent characteristic (e.g. ARDS, burns, sepsis, endotoxemia, etc.) is unknown at present.
Our results show that apoptotic signaling factors such as active caspase-8 and -3 significantly increased in the mesenteric vasculature of PDS rats compared to control and NP rats. These results suggest a relationship between the activation of the apoptotic cascade and a vascular leak in PDS rats. There were no differences observed in BAK protein expression and cytochrome c release (data not shown). Apoptosis is known to alter cell morphology by interrupting the cell-cell and cell-matrix interaction resulting in complete removal of endothelial cells from their underlying basement membrane. Regardless of the causative agents, this characteristic series of morphological changes is consistently observed. This suggests the existence of a common pathway by which an increase in the activation of a family of proteolytic enzymes (the caspases) may occur [19] . Hemorrhagic shock following trauma has been shown by several investigators to activate mediators of apoptosis including the caspases [20] [21] [22] [23] . Tinsley et al. [24] reported burn-plasma induced hyperpermeability in monolayers of rat lung microvascular endothelial cells. Additionally, endothelial hyperpermeability resulting from cell exposure to various agonists has previously been reported [11, [25] [26] [27] .
In summary, we have documented the development of microvascular leakage in a rat model of preeclampsia. In addition, we have demonstrated that MBG is capable of causing abnormal vascular leakage in the rat. We propose, therefore, that MBG plays a role, perhaps a major one, in the development of leak from the vascular tree into the interstitium in preeclampsia. These data provide additional evidence for the view that MBG participates importantly in the pathogenesis of the preeclamptic syndrome. We recognize that the pathophysiology of the latter disorder no doubt involves multiple etiologic factors [28, 29] and that not every patient with preeclampsia is likely to demonstrate this pathogenetic sequence. To our knowledge, this communication provides the first evidence that MBG increases vascular leakage. These observations may have important implications with regard to the involvement of MBG in the causation of abnormal vascular permeability in other syndromes characterized by 'capillary leak'.
